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We have carried out O K- and Co L2,3-edge x-ray absorption studies on misfit-layered oxides of
polycrystalline Ca3Co4−xFexO9+� �x=0,0.05,0.1,0.15�. The analyses of integrated absorption
intensity show that the number of Co 3d unoccupied states decreases upon partial substitution of Fe
for Co, which correlates well the variation trend of the room-temperature resistivity with x.
Nevertheless, the number of O 2p unoccupied states increases with x. Both Hall and thermopower
measurements indicate that the majority carrier is of hole type for Ca3Co4−xFexO9+�. Therefore, the
decrease of O 2p occupancy should be responsible for the increase of the hole carrier concentration
upon partial substitution of Fe for Co. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2748722�

I. INTRODUCTION

The mistfit layered cobaltite Ca3Co4O9+� is particularly
interesting due to its large thermopower and is therefore con-
sidered to be a good candidate for thermoelectric
applications.1–4 We have recently shown that thermoelectric
characteristics of Ca3Co4O9+� can be improved by partial
substitution of Fe for Co.5 X-ray absorption near-edge struc-
ture �XANES� spectra can provide information of unoccu-
pied states regarding the electronic structure of a material.
Mizokawa et al. have recently studied the O K- and Co
L2,3-edges of Ca3Co4O9.6 Herein, we report the XANES
studies of the Fe-doped cobaltites Ca3Co4−xFexO9+� and find
that the number of Co 3d unoccupied states decreases, while
the number of O 2p unoccupied states increases upon partial
substitution of Fe for Co.

II. EXPERIMENT

Polycrystalline cobaltites Ca3Co4−xFexO9+� �x=0, 0.05,
0.1, and 0.15� were synthesized using conventional solid
state reaction methods. All the x-ray diffraction �XRD� peaks
of Ca3Co4−xFexO9+� are indexable using superspace group of
X2/m�0b0�s0. Room-temperature O K-, Co L2,3-, and Fe
L2,3-edge XANES spectra were acquired at the beamline
BL20A �HSGM�, and Co K- and Fe K edge XANES spectra
were acquired at the beamline BL17C �Wiggler-C� of the
National Synchrotron Radiation Research Center �NSRRC�,
Hsinchu, Taiwan. O K-, Co K, and Fe K-edge XANES data
were taken in a fluorescence mode, while L2,3-edge XANES
data were taken in a total electron yield mode.

III. RESULTS AND DISCUSSION

Figure 1 presents the Co K-edge XANES spectra of
Ca3Co4−xFexO9+� as well as those of the reference materials
�CoO and Co2O3�. Features A1 and B1 are attributed, respec-
tively, to quadrupole allowed transition from Co 1s core
level to O 2p-Co 3d hybridized states and transition from Co
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FIG. 1. Co K-edge XANES spectra of Ca3Co4−xFexO9+� �x=0, 0.05, 0.10,
and 0.15� and the reference oxides.
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1s core level to unoccupied 4p states according to the dipole
selection rule. There is no energy shift observed for the main
absorption edge after energy calibration, indicating that the
absorption energy is insensitive to the Fe doping. Figure 2
presents the O K-edge spectra of Ca3Co4−xFexO9+� and the
reference oxides �CaO, CoO, Co2O3, Co3O4, FeO, Fe2O3,
and Fe3O4�. The XANES spectra of Ca3Co4−xFexO9+� are
clearly different from those of the reference oxides. For pure
ionic oxides, there would be no 1s→2p transition in the O
K-edge spectra due to no unoccupied 2p states of O2− ion.
The electric-dipole-allowed 1s→2p transition comes from
the presence of covalent mixing of the transition metal and
oxygen states. Therefore, it can provide information on the
charge state of oxygen and the Co–O bonding information.
These preedge features are similar to those observed for
La2−xSrxLi0.5Co0.5O4 and are attributed to the transition of O
1s electron to the unoccupied O 2p-Co 3d hybridized states
between 525 and 532 eV.7 There are two regions in the O
K-edge spectra. The broader feature above 532 eV is as-
signed to oxygen p character hybridized with transition metal
4s and 4p states.8 Feature A2 at 529 eV is associated with
low-spin Co3+ and could be assigned to a 1s�O�3d7�Co� final
state. Features B2 at 528 eV and C2 at 527 eV are associated
with Co4+, which has larger effective nuclear charge than
Co3+ and thus causes the peak position to shift to lower en-
ergy.

Figure 3 presents the Co L2,3-edge XANES spectra of
Ca3Co4−xFexO9+� and the reference materials �CoO and
Co2O3�. Features B3 �780 eV� and C3 �795 eV� are associ-
ated with the L3- and L2-edges due to electron transitions
from their initial state of 2p3/2 and 2p1/2, respectively, to
unoccupied 3d states hybridized with O 2p orbital.9,10 The
line shape of the Co L2,3-edge XANES is similar to the
atomic-multiplet calculations assuming the low-spin configu-
rations �a t2g

6 ground state for Co3+ ion and a t2g
5 ground state

for Co4+ ion�.11,12 These results are consistent with magneti-
zation measurements. The Co+3 and Co+4 ions with a low-
spin configuration have a theoretical effective magnetic mo-
ment of 0�B /Co and 1.73�B /Co, respectively. The Co+3 and
Co+4 ions with a high-spin configuration have a theoretical
effective magnetic moment of 4.89�B /Co and 5.91�B /Co,
respectively. Figure 4 shows the plot of the magnetization as
a function of temperature for x=0.05, which has a ratio of
Co3+/Co4+=0.73/0.27. Table I shows the measured magnetic
moments for Ca3Co4−xFexO9+�. The observed magnetic mo-
ment is close to the calculated values with both of the Co+3

and Co+4 ions having the low-spin configuration. It should be
noted that the partial unoccupied O 2p states could contrib-
ute to the magnetic moments. The presence of mixed valence
of Co3+ and Co4+ could enhance the hybridization between
Co 3d and O 2p and in turn the charge transfer via double
exchange mechanism.9

FIG. 2. O K-edge XANES spectra of Ca3Co4−xFexO9+� �x=0, 0.05, 0.10,
and 0.15� and the reference oxides. The inset shows the magnified preedge
peaks after background subtraction using a best fitted Gaussian curve indi-
cated by the dotted line.

FIG. 3. Co L2,3-edge XANES spectra of Ca3Co4−xFexO9+� �x=0, 0.05, 0.10,
and 0.15� and the reference oxides. The inset shows the magnified L3-edge
after background subtraction using an arctangent function indicated by the
dotted line.
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Figure 5 shows the integrated intensities of the Co L3

and O K-edges and preedge features of the Fe K- and Co
K-edges for Ca3Co4−xFexO9+� �x=0, 0.05, 0.10, and 0.15�.
The intensity of O K-edge increases upon Fe doping, sug-
gesting either an increase of the oxygen 2p holes induced by
covalence or an increase of the oxygen content in the sample.
However, the variation with Fe doping for the O K-edge
intensity is rather small. Therefore, when considering the
matrix-element effects, the O 2p unoccupied states seem to
be insensitive to the Fe doping. Nevertheless, it should be
noted that the oxygen content increases upon Fe doping ac-
cording to the titration data. The number of unoccupied Co
3d-O 2p hybridized states, obtained from the size of peak
area of the L3-edge, decreases upon Fe doping and the mini-
mum occurs at x=0.05, where a resistivity minimum in the
series of title materials also occurs. Furthermore, the Co K
preedge intensity seems to decrease upon Fe doping even
though the variation is rather small. The variation of room-
temperature resistivity with x for Ca3Co4−xFexO9+� seems to
correlate well with the trend of variation of the size of peak
area with x, as shown in the inset of Fig. 5. The more the Co
3d unoccupancy is, the higher the resistivity is. Since both
thermopower and Hall measurements confirm the holes as
the majority carriers for the title materials, this trend seems
to be opposite to the variation of the carrier concentration

with x obtained by the Hall measurements with the highest
carrier concentration of holes occurring at x=0.05 �Table I�.
Furthermore, the iodometric titration data �Table I� show that
the variation of the average oxidation number v+ of �CoO�v+

with x agrees well with that of the hole concentration from
the Hall measurements. In light of the decrease of the Co 3d
unoccupied states upon Fe doping, one may interpret that the
increase of the oxygen 2p unoccupied states is responsible
for the increase of the hole carrier concentration, which is
closely associated with the oxygen content of the sample
determined by the iodometric titration �Table I�.

FIG. 4. �Color online� Plot of magnetic susceptibility vs T for
Ca3Co3.95Fe0.05O9+� in an applied field of 5000 Oe. The solid line is a fit to
the Curie-Weiss law.

TABLE I. Effective magnetic moment of Co, carrier concentration, average oxidation number, and oxygen
content of Ca3Co4−xFexO9+� �x=0–0.1�.

x
�eff

a

��B /Co�
�eff

�calc. �B /Co� n �cm−3� �CoO�v+b �b Co3+ /Co4+

0 1.11 0.26 +1.856�1020 +1.15�1� 0.30�1� 0.85/0.15
0.05 0.38 0.47 +2.762�1020 +1.27�5� 0.54�9� 0.73/0.27
0.1 0.42 0.43 +2.392�1020 +1.25�1� 0.49�1� 0.75/0.25

aThe observed effective magnetic moment is derived by fitting the magnetization vs T using the Curie-Weiss
law. The slight variation of magnetic moment from calculated value might be due to the hybridization of the Co
3d with the O 2p states �Ref. 13�.
bBoth �CoO�v+ and � are determined by iodometric titration. Oxygen nonstoichiometry of Ca3Co4O9+� has been
confirmed by thermogravimetry �Ref. 14�.

FIG. 5. Integrated intensities of the Co L3- and O K-edges and preedge
features of Fe K- and Co K-edges for Ca3Co4−xFexO9+� �x=0, 0.05, 0.10, and
0.15�. The intensity of Fe K-edge remains unchanged for all x. The inset is
the variation of the room-temperature resistivity with x.
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IV. CONCLUSIONS

In summary, O K- and Co L2,3-edge XANES spectra
have been obtained on Ca3Co4−xFexO9+�. The variation of the
number of Co 3d unoccupied states correlates well the
variation of room-temperature resistivity with x for
Ca3Co4−xFexO9+�. Both Hall and thermopower measure-
ments indicate that the majority carrier of Ca3Co4−xFexO9+�

is of p type. Therefore, the increase of the number of O 2p
unoccupied states should be responsible for the increase of
the hole carrier concentration upon partial substitution of Fe
for Co.
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